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I N H I B I T I O N  OF RNA SYNTHESIS BY ACTINOMYCIN 

S. Yu. Luk'yanov and N. G. Shuppe 

On the  bas i s  of s i m p l e  s t a t i s t i c a l  concepts, a study has 
been made of t he  mechanism of  i nh ib i t i on  of RNA synthes is  i n  
a ce l l - f r ee  system. It has been demonstrated experimentally 
t h a t  t h e  derived quan t i t a t ive  re la t ionships  can be used a l s o  
i n  the case of i n t a c t  c e l l s .  
b e r  of guanine-cytosine p a i r s  i n  t h e  considered DNA sec t ion .  
Under t h e  influence of AM the re  f i r s t  w i l l  be an i n h i b i t i o n  
of those RNA molecules which have t h e  g r e a t e s t  molecular weight 
and whose nucleotide composition includes a r e l a t i v e l y  l a r g e  
number of guanine-cytosine pairs, t h a t  is, high-molecular 
RNA of t he  guanine-cytosine type. This a l s o  can be a t t r i b u t e d  
t o  t h e  f a c t  t h a t  AM f i r s t  i n h i b i t s  synthes is  of ribosomal RNA 
(high-molecular and guanine-cytosine type),  and, second, in- 
h i b i t s  the  synthes is  of messenger RNA (high-molecular, but 
t h e  AU type) and, t h e r e a f t e r ,  i n h i b i t s  the  synthes is  of trans- 
p o r t  RNA (low-molecular, but of t he  guanine-cytosine type). 

An estimate is given f o r  t h e  num- 

The extensive use of actinomycin (AM) i n  cy to logica l  and biochemical /521* 
inves t iga t ions  [ l ]  makes it timely t o  analyze t h e  problem of t h e  a p p l i c a b i l i t y  
of s t a t i s t i ca l  concepts t o  the  mechanism of i n h i b i t i o n  of t h e  synthes is  of RNA 
both i n  a ce l l - f r ee  system and wi th in  an i n t a c t  c e l l .  
synthes is  of RNA by AM is governed by the  e f f e c t  of AM on t h e  DNA t e m p l a t e  [2]. 
A complex of AM and DNA is formed [ 3 ] .  A necessary condition f o r  t h e  formation 
of a complex of AM with DNA is the  presence of guanine i n  t h e  DNA [4] .  

The i n h i b i t i o n  of the  

Inh ib i t i on  of RNA Synthesis i n  a Cell-Free System. -- ---- 
W e  w i l l  consider t h e  following simple model of t h e  suppression of the  syn- 

t h e s i s  of RNA. 
cu le  which i n  t h e  general  complex contains N 

under t h e  given conditions t h i s  molecule has an i so l a t ed  functioning p a r t  which 

Assume t h a t  i n  the  system t h e r e  is a s i n g l e  i so l a t ed  DNAmole- 
Also assume t h a t  guanine bases. 

0 

coiltaliis N gusiliile bases, sild: 

Assuming t h a t  t h e  AM golecules are b{ndY exclusively t o  t h e  guanine bases of 
t he  DNA, t h e  value N may be considered the number of vacant places i n  the  

0 

*Numbers i n  t h e  margin i n d i c a t e  pagination i n  t h e  o r i g i n a l  fore ign  t e x t .  
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complex. 
c i en t  (appearance of one "clamp" on the DNA s p i r a l )  i n  order t o  i n h i b i t  removal 
of the DNA from t h i s  pa r t  [5,6]. 
b i t i o n  of RNA synthesis  under these condi t ions l i t  is  s u f f i c i e n t  f o r  one AM mole- 
cule t o  be attached to  the functioning par t  (na tura l ly ,  t h i s  does not prevent 
t he  attachment of o ther  AM molecules on other guanine bases of t h e  functioning 
o r  i nac t ive  pa r t ) .  

We a l so  w i l l  assume t h a t  the  joining of one molecule of AM i s  s u f f i -  

I n  other words, i t  is assumed t h a t  f o r  inhi-  

I f  one AM molecule is  present i n  the system, on the  assumption of equal 
a c c e s s i b i l i t y  of a l l  t h e  pa r t s ,  the  probabi l i ty  of t he  bonding of t h i s  molecule 
t o  the  functioning pa r t  is equal t o  the r a t i o  N/N 

event w i l l  not occur (and, therefore ,  inh ib i t ion  does not set i n )  w i l l  be  equal 
t o  : 

and the  probabi l i ty  t h a t  t h i s  
0 

I f  there  are n AMmolecules i n  the system, t h e  probabi l i ty  of continuation 
of a c t i v i t y  is defined by the  equation: 

F ina l ly ,  i f  the  system contains a la rge  number of i d e n t i c a l  DNA molecules 
which are i n  the  same state,  and as before there  are n AMmolecules f o r  each 
DNA molecule, t he  value W determines the f r a c t i o n  of uninhibited DNA mole- /522 

cules ,  t h a t  is, the  res idua l  a c t i v i t y  J of t he  system t o  RNA synthesis.  Denot- 
ing the  r e l a t i v e  concenteation of AM molecules per  one guanine base by 

n 

w e  obtain:  

I n  a somewhat 
s i n g l e  functioning 

more general  case, when the re  are severa l ,  ra ther  than a 
p a r t ,  and these have d i f f e r e n t  contents of guanine bases 

and they have a d i f f e r e n t  i n t ens i ty  of synthesis 

2 



t he  r e s idua l  a c t i v i t y  a f t e r  i nh ib i t i on  by actinomycin can be expressed by t h e  
formula 

Here, as before,  t h e  AM concentration is  determined as the  r a t i o  of t he  number 
of AM molecules t o  the  number of guanine bases; i n  addi t ion ,  i t  is assumed t h a t  
the following condition is s a t i s f i e d :  

I n  formulas (1) and (2), t he  r e s idua l  a c t i v i t y  of DNA is expressed through t h e  
value c, t h a t  is, i n  t h e  l a s t  ana lys i s  through the  number of AM molecules bond- 
ed t o  the  guanine bases. I n  addi t ion ,  i n  a c t u a l i t y  i n  an experiment w e  measure 
the  t o t a l  number of AM molecules introduced i n t o  the  so lu t ion  and t h e  value 

should be determined from t h e  conditions of equilibrium i n  t h e  r eac t ion  of form- 
a t i o n  of t h e  AM-DNA complex, which can be w r i t t e n  i n  t h e  form: 

AM + DNA Z (AM - DNA) (3) 

W e  denote t h e  i n i t i a l  concentration of AM molecules by a 

t i o n  of guanine bases by p . The concentration of AMmolecules i n  a f r e e  state 

i s  denoted by a, i n  the  bound s t a t e  -- by ac, t he  number of f r e e  places -- by 

p, t h e  occupied spaces -- by pc. 

and the  concentra- 
0’ 

0 

Then we can w r i t e :  

I n  add i t ion ,  obviously: 

Therefore, t h e  r e l a t i v e  concentration w i l l  be equal to:  

c = n/No = q/po mole AM/mole G(uanine) 

3 



. 
II I .  

wL.tis? a c t L o n  
Under conditions,  of equilibrium t h e  l a w  of ad as^ v gives:  

where K is the  equilibrium constant.  Then: 

I f  i t  is  assumed t h a t  t h e  con en t r a t ion  of f r e e  nucleot ides  is much g rea t e r  
than t h e  concentration of, b& nucleotides,  t h a t  i s  p q, then 

0 

o r  

Hence w e  obtain:  

I 

Pa 

and i n  t h e  case of one functioning p a r t :  

1523 

( 4 )  

The equi l ibr ium constant f o r  the react ion of i n t e rac t ion  of AM and DNA mole- 
cu les  w a s  determined i n  a study by Permogorov and Lazurkin [ 6 ] .  It has the  

value K_ s 3 0 1 0 ~  per  mole of nitrogenous bases. However, i n  formula (5) i t  

is necessary t o  use  a value K r e l a t ed  t o  1 mole of guanine bases. Here it  must 
be  remembered t h a t  t he  AM jo in ing  one DNA s t r and  a l s o  i n h i b i t s  synthes is  on the  
o the r  s t r a n d  [l]. Thus, i t  is necessary t o  t ake  i n t o  account the  number of t he  
guanine-cytosine p a i r s  i n  the  DNA and, therefore ,  assume K = K /a, where a is  

t h e  re la t ive content of guanine-cytosine pa i r s .  

v 

e 

Formula (5) descr ibes  the  process of i n h i b i t i o n  of RNA synthes is  i n  a cell-  
f r e e  system. 
t h e l e s s ,  it is i n t e r e s t i n g  t o  determine t o  what degree the  derived quan t i t a t ive  
r e l a t i o n s  can be  considered as a t  least a f i r s t  approximat&on. 

A p r i o r i  t h i s  process i n  a ce l l  may behave d i f f e ren t ly .  Never- 
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Method 

The work w a s  done on c e l l s  of Ehrlich's  ascit ic carcinoma and on cells of 
a transplanted Cave cu l tu re .  The incubation medium f o r  t h e  a s c i t i c  c e l l s  con- 
s i s t e d  of a s i n g l e  volume of Robinson's so lu t ion  with glucose (9 mg/ml) and 
f o l i c  ac id  (0.72 pmole/ml), two volumes of w a t e r  and 1% volumes of asci t ic  f lu-  
i d .  I n  order t o  obtain a suspension of a s c i t i c  cells of d i f f e r e n t  dens i ty ,  t he  
i n i t i a l  suspension w a s  d i l u t e d  with an incubation medium t o  t h e  necessary value. 
The Cave cells w e r e  cu l t i va t ed  i n  matrasses i n  a 199 medium with t h e  addi t ion  
of a 20% bovine serum. For t h e  experiment t h e  cells  w e r e  removed from t h e  ma- 
trasses w i t h  t ryps in  and put i n t o  suspension. 

with constant shaking. 
Soviet-produced actomycin 2703 w a s  used i n  the  work. 

The incubation w a s  a t  37' and 

The tagged pracursor w a s  CI4-uranyl (54.2 mcurie/g) . 
After t he  necessary incubation t i m e ,  t he  cells w e r e  cooled and washed th ree  

, t i m e s  i n  a 5% so lu t ion  of HC104 and alcohol. The ac,id-insoluble p r e c i p i t a t e  

w a s  applied t o  a t a r g e t  and t h e  r e s idua l  r ad ioac t ix i ty  w a s  determined using a 
gas-flow counter with a low background. 

Results and Their Discussion 

Below we describe experiments which i n  our opinion confirm t h e  cor rec tness  
of t h e  considered model of i n h i b i t i o n  of RNA synthes is .  

I f  t he  bonding of an AM molecule a l so  is described f o r  t h e  ce l l  system by 
a s y p l e  reactiog,$ua&$on .(3),and the  simultaneously t r ansp i r ing  processes of 
$ d i f f e r e n t  p a r t s  of t he  DNA exe r t  a r e l a t i v e l y  / 5 2 4  
lesser inf luence  on the  course of RNA synthes is ,  t he  i n t e n s i t y  0% synthes is  
should vary with the  value c i n  the  same way, regard less  of what f a c t o r  is re- 
spons ib le  f o r  t he  v a r i a t i o n  of c. I n  other words, t h e  dependence J = J ( c )  can 
be s tud ied  by varying c e i t h e r  by using d i f f e r e n t  AM concentrations o r  by using 
d i f f e r e n t  concentrations of nucleotides,  t h a t  i s ,  by varying t h e  dens i ty  of t h e  
s tud ied  ce l l  suspensions. 

r d  SI, rersio O)CU don ma 

Figure 1. 
on t h e  Rela t ive  Concentration of Actinomycin. 
Legend: 

Change of t he  Residual Act iv i ty  of RNA i n  Dependence 

1 = dens i ty  of the suspension changes; 2 = quant i ty  of 
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Figure 1. (Continued). actinomycin changes; a = region of small  
concentrations;  b = region of la rge  concentrations;  A = c, mmole 
AM/mole G. 

Figure 2. Inh ib i t i on  of t h e  RNA Synthesis i n  Ascites (A) and 
CaVB (B) Cells. The Scale is  Semilogarithmic. The sashed Line 
Represents the Exponents i n t o  Which the Experimental Curve is  
Broken Down. 
Legend: A = c,  mole AM/mole G. 

Figure 1 shows the  r e s u l t s  of the corresponding experiments i n  two regions 
of values  c .  The curves 1 w e r e  obtained when the  value c w a s  changed due t o  
t h e  dens i ty  of the suspension, whereas curves 2 w e r e  obtained when the  changes 
c r e su l t ed  from use of d i f f e r e n t  AM concentrations. Residual a c t i v i t y  is ex- 
pressed i n  r e l a t i v e  u n i t s ;  the curves cross a t  a s ing le  point.  D e s p i t e  t h e  
s c a t t e r  of experimental points ,  on t h e  whole w e  ge t  the impression of a satis- 
fac tory  agreement of both curves. True, i n  the  case of a sharp decrease of the 
densi ty  of t he  suspension (which corresponds t o  l a r g e  values  c, exceeding by 
approximately f i v e  t i m e s  the  maximum values shewn on the graph) the  res idua l  
a c t i v i t y  is sharply increased. The reasons f o r  t h i s  circumstance could not be 
determined. 

Another group of f a c t s  per ta ins  t o  an ana lys i s  of the  form of the  depen- 
It goes without saying tha t  under real conditions i n  the  c e l l  a t  dence J ( c ) .  

t he  very same time many pa r t s  of t he  DNA can function and f o r  p r a c t i c a l  purposes 
any decrement curve can eas i ly  be represented by a set of exponents. 
ever ,  i f  a s i t u a t i o n  e x i s t s  i n  which the RNA synthesis  occurs i n  the  ce l l  a t  a 
high rate i n  only two o r  th ree  groups of pa r t s ,  having within a given combina- 
t i o n  a s m a l l  s c a t t e r  of numbers of guanine-cytosine pa i r s ,  then the  curve J ( c )  
is represented by the sum of two o r  three exponents. Figure 2A shows the re- 
s u l t s  of experiments involving the  inhibitfton of RNA synthesis  i n  ascites cells; 
i n  Figure 2B -- i n  Gave c e l l s  ( the  experimental data a r e  represented semilogar- 

How- /525 
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i thmica l ly) .  
s u l t i n g  from addi t ion  of two exponents, which corresponds t o  t h e  presence of 
two functioning p a r t s  ( t o  be more prec ise ,  two groups of p a r t s ) .  

The graphs show t h a t  the poin ts  f a l l  s a t i s f a c t o r i l y  on curves re- 

Figure 3 .  Inh ib i t i on  of RNA Synthesis i n  a Cell-Free System, According 
t o  Data i n  t h e  Li te ra ture .  The Scale is Semilogarithmic. The DNA Tem- 
p l a t e  Used w a s  DNA from the  Following Objects: 
(17.5% guanine [5]; b) TetrahymenaPIyriformis (12.5% Guanine); Cf) Mi- 
crococcusf&sodeict&cus (37% Guanine) ; d) Calf Thymus (22% Guanine) [4]. 
Legend: 

a )  T2 Bacteriophage 

A = c, mole AM/mole G. 

W e  a l s o  processed experimental da t a  on the AM i n h i b i t i o n  of RNA synthes is  
i n  a ce l l - f r ee  system. 
akin,  Lazurkin and Khesin [SI .  W e  a l s o  used d a t a  given i n  a study by Goldberg, 
et  al .  [4]. I n  t h i s  case as w e l l  (Figure 3 ) ,  t h e  graphs can be represented i n  
t h e  form of t h e  sum of two exponents. 

These d a t a  w e r e  obtained by Permogorov, Prozorov, Shemy- 

It is i n t e r e s t i n g  t o  note t h a t  extremely similar r e s u l t s  were obtained i n  
experiments by Kahandet a l .  [7] ,  made i n  a ce l l - f ree  system with the  same com- 
ponents b u t  wi th  a lesser content of DNA t e m p l a t e  i n  t he  inves t iga ted  sample. 
Thus, t hese  d a t a  serve as a confirmation both of t he  considered model of inhib- 
i t i o n  as a whole and t h e  circumstance tha t  t he  value c can h e  v a r i e d  by varying 
t h e  q u a n t i t y  of DNA p a r t i c i p a t i n g  i n  t h e  reac t ion ,  as w a s  mentioned above. 

F ina l ly ,  using t h e  s lope  of t h e  semilogarithmic curve J ( c ) ,  it is poss ib l e  
t o  estimate t h e  va lue  N i n  formula (5),  t h a t  is, determine t h e  number of guan- 
ine-cytosine p a i r s  i n  a newly synthesized RNA molecule; i t  goes without saying, 
assuming that t h e  value of the  constant K and the  value po a r e  known. 

The va lues  K and po are computed i n  t h e  following way. Assume t h a t  t he  

number of cells present i n  one l i t e r  of t he  inves t iga ted  suspension is x and 
t h e  q u a n t i t y  of DNA i n  a c e l l  of a pa r t i cu la r  type is B .  The quant i ty  of /526 
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DNA i n  one l i ter  of suspension w i l l  be  Bx ( the  quant i ty  of DNA i n  an open sys- 
t e m  is  measured d i r e c t l y  and is determined by the  experimental conditions).  
The molar concentration of nitrogenous bases is equal t o  Bx/M, where M is t h e  
mean molecular weight of one nitrogenous base (approximately 330).  
f o r  molar concentration of t he  guanine bases now is determined from t h e  equa- 
t ion  : 

The sought- 

where a i s  t h e  r e l a t i v e  number of guanine-cytosine p a i r s  i n  t h e  DNA of t h e  in- 
ves t iga ted  objec t .  
s t u d i e s  of t he  nuc leo t ide  composition of DNA. 

The coe f f i c i en t  a is  found from independent experimental 

As mentioned above, t he  value K i s  determined using the  formula K = Ko/a, 
where K = 3010~. 

0 

As an i l l u s t r a t i o n  w e  w i l l  show how t h e  values K and p w e r e  computed i n  
0 

experiments with ascites ( fo r  o the r  ob jec ts  these  values are computed i n  a simi- 

l a r  way). 

10l1 cel ls / l i ter .  
The relative concentration of guanine-cytosine p a i r s  f o r  cells of t he  particu- 

lar  type is a = 0.44. 

The dens i ty  of t he  suspension used w a s  l o 8  ce l l s /ml ,  that is, x = 

The quant i ty  of DNA i n  one ascites ce l l  is  B e 6*1O'l2g. 

Hence p = 4010-~, and the  value K = 6.8-104. 
0 

ESTIMATE OF NUMBER OF GUANIME-CYTOSINE 
PAIRS I N  THE FUNCTIONING PART 

Object 

Ascites 

Cave 

Tz Bacteriophage 

Micrococcus 
lysodej c t i cus  
Tetrahvmena 
pvr i f  ormis 
Calf thymus 

Region of 
J = J (c )  
graph 

1 
2 
1 
2 
1 
2 
1 
2 
1 
2 
1 
2 

Number of 
guanine- 
cy tos ine  
p a i r s  

1500 
100 

2000 
200 
1100 
100 
1900 
170 
900 
120 
1600 
100 
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The r e s u l t s  of t h e  corresponding computations of t h e  va lue  N f o r  t he  graphs 
shown i n  Figures 2 and 3 are given i n  the tab le .  
ponds t o  minimum relative AM concentrations, t h a t  is, t o  t h e  i n i t i a l  p a r t  of 
t he  i n h i b i t i o n  curve; region 2 corresponds t o  higher AM concentrations. 

Region 1 of the  graph corres- 

It should be emphasized t h a t  t he  slope of the  curve can be used only f o r  
determining the  number of guanine-cytosine p a i r s  in a d e f i n i t e  functioning p a r t .  
The t o t a l  number of nucleotides i n  a functioning p a r t ,  and,therefore,the e n t i r e  
length and molecular weight of t h e  synthesized RNA are dependent, i n  addi t ion ,  
on the value of t h e  s p e c i f i c i t y  f a c t o r  of t h a t  r ibonucle ic  ac id  which is syn- 
thesized i n  i t .  

Conclusions 

On the b a s i s  of s i m p l e  s t a t i s t i c a l  concepts, a study has been made of t h e  
mechanism of i n h i b i t i o n  of RNA synthes is  i n  a ce l l - f r ee  system. 
demonstrated experimentally t h a t  t h e  derived q u a n t i t a t i v e  r e l a t ionsh ips  can be 
used a l s o  i n  the  case of i n t a c t  c e l l s .  An estimate is given f o r  the  number of 
guanine-cytosine p a i r s  i n  the  considered DNA sec t ion .  
AM the re  f i r s t  w i l l  be  an i n h i b i t i o n  of those RNA molecules which have t h e  grea- 
test  molecular weight and whose nucleotide composition includes a r e l a t i v e l y  
l a r g e  number of guanine-cytosine p a i r s ,  t h a t  is ,  high-molecular RNA of t h e  
guanine-cytosine type. This a l so  can be a t t r i b u t e d  t o  the  f a c t  [8,9] t h a t  AM 
f i r s t  i n h i b i t s  synthes is  of ribosomal RNA (high-molecular and guanine-cytosine 
type),  and, second, i n h i b i t s  t he  synthesis of messenger RNA (high-molecular, 
bu t  t h e  AU type) and, t h e r e a f t e r ,  i n h i b i t s  t he  syn thes i s  of t r anspor t  RNA (low- 
molecular, bu t  of t h e  guanine-cytosine type). 

It has been 

Under the  inf luence  of 

The authors express appreciation t o  Yu. S. Lazurkin f o r  u se fu l  and in t e r -  
e s t i n g  d iscuss ion  during c r i t i q u e  of t he  r e s u l t s  of t h e  work. 
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